Previous studies of mechanical properties of solid residue byproducts such as coal bottom ash have been restricted to small and intermediate shear strains of approximately 0.1-20z, due to the limitations of the standard equipment used (e.g. triaxial and direct shear tests) and to conˆning pressures up to around 1.5 MPa. The objective of the present research was to study the behavior of coal bottom ash sampled in southern Brazil, ranging from very small to very large shear strains, as well as to high isotropic pressures, to determine its complete behavior. Comparisons are made with results from a granular soil with a similar grading and also with those of uniform sand with similar average particle size. High pressure isotropic compression and bender element tests, as well as standard triaxial tests and ring shear tests were carried out on compacted specimens of coal bottom ash, a sandy residual soil with a similar grain size distribution, as well as on a uniform sand. In order to explain the eŠect of the particle morphology of the coal bottom ash on its mechanical behavior, an investigation was also undertaken based on thin section and scanning electron micrographs, which revealed intra-particle voids in the coal ash. The results indicate that the general behavior of the bottom ash compares favorably with conventional granular materials, providing a promising solution to the disposal problem, and also an economic alternative to the use of conventional soils as construction materials.
INTRODUCTION
Residues of thermo electrical power plants are generically known as ash, and can be classiˆed as slag, bottom ash and ‰y ash. Slag has a high content of unburned carbon (10z to 20z) and coarse grains or clods. Bottom ash and ‰y ash are produced from pulverized coal, resulting in residues withˆner grain size distribution. Fly ash is dragged upwards by combustion gasses and is collected by a capitation system, or electrostatic precipitator, while bottom ash is collected at the bottom of the furnace and transported to a decantation container. Fly ash has already an eŠective use in the Portland cement industry as an additive to cement up to 40z in volume. Even if it is an environmentally inert residue, the possible uses of bottom ash have scarcely been studied, although the diŠerences and similarities of the mechanical properties of bottom ash compared to soils have been investigated (e.g., Huang, 1990; Huang and Lovell, 1990; Tessari et al., 1998; Thom áe et al., 1998 Thom áe et al., , 2003 Kim et al., 2005) .
Coal production in southern Brazil is approximately 3,000,000 tons W year, which represents 60z of the national production (Binotto et al., 1999) . New thermo-electrical power plants are currently being built, generating environmental problems concerning waste disposal in this area. The primary objective of this research is therefore to contribute to the study of the mechanical behavior and morphology of thermo-electrical power plant byproducts, speciˆcally bottom ash, in order to evaluate the possibility of its use, which would be an important contribution to environmental geotechnology.
From an environmental point of view, Sanchez (1987) and Sanchez et al. (1996) have carried out leaching tests on many bottom ashes from several sources produced by coal-burning electricity utilities in Southern Brazil, showing that they are not potentially hazardous residues, in so far as they do not exceed the limits of heavy metals of the Brazilian Standard ABNT NBR 10.004 (1987) and can be classiˆed as inert residues. There is therefore no need for special precautions when using bottom ash in earthworks, regarding its safety for the environment. However, in order to promote their use, the mechanical properties of such materials in comparison with natural soils needs further research, including the morphological aspects of the particles, which usually shows internal j porosity of the grains, resulting from the high coal burning temperature, leading to low speciˆc gravities of the solids.
BACKGROUND
Studies of the engineering properties and the physical and chemical characteristics of bottom ash have been carried out in the laboratory and also in theˆeld by several researchers in recent decades. Seals et al. (1972) presented laboratory data obtained from standard Proctor compaction tests on West Virginia bottom ash, as well as a series of one-dimensional compression tests showing that, at low stress levels, the compressibility of bottom ash was comparable to natural granular soils at similar relative densities. Huang (1990) and Huang and Lovell (1990) investigated the shear strength of Indiana bottom ash compacted to diŠerent densities using direct shear testing, reporting a wide range of variation of friction angles, depending on the density. Heineck (2002) studied the possibility of using coal bottom ash from thermo-electrical power plants in Southern Brazil to replace sand in embankments, provided that the bottom ash had acceptable environmental properties concerning its leachate. Kim et al. (2005) carried out an extensive experimental study involving standard compaction, hydraulic conductivity, one-dimensional and drained triaxial compression tests on specimens of ‰y W bottom ash mixtures. They also carried out speciˆc gravity tests and grain size analyses, as well as a microscopic examination of the ‰y and bottom ash samples.
Plate load tests were carried out by Tessari et al. (1998) on layers of coal bottom ash treated with cement, which established the potential use of these materials improved by cementing. Thom áe et al. (2003) used a mixture of a sandy residual soil with bottom ash in equal proportions, with the addition of lime in the improvement of an upper soil layer, on which plate load tests were then undertaken, which gave encouraging results.
However, existing studies have been restricted to small to intermediate shear strains (0.1-20z typically) and to small to intermediate stress levels (0-1 MPa) due to the restrictions of the standard equipment used (e.g. triaxial and direct shear tests). The present work extends this with high-pressure isotropic compression tests using bender elements to measure G0, ring shear tests to reach very large shear strains and scanning electron microscopy. The results for compacted specimens of coal bottom ash are compared with those from the same tests carried out on a sandy residual soil with a similar grain size distribution, as well as on uniform sand with the same average particle diameter.
MATERIALS
Three diŠerent materials from southern Brazil were tested in this research; a coal bottom ash derived from a thermo-electric power plant, a sandy residual soil with similar grain size distribution and a uniform sand with a similar average particle diameter to that of the bottom ash.
Coal Bottom Ash
The coal bottom ash used in this research was collected from the Charqueadas thermo-electric Power Plant, located near Porto Alegre, in southern Brazil. This material is a by-product of the burning process of coal from the Cap ãao do Le ãao coal pit, also in southern Brazil. The main mineral constituents of this coal are listed on Table 1 . At the end of the burning process, bottom ash is drained from the furnace and transported to inactive coal pits that are used for disposal.
Physically, ashes have spherical or semi-spherical particles and are characterized by a complex morphology. Andrade (1985) describes ash particle formation during the burning process. The author suggests that thê nal product has spherical particles that can be solid (plerospheres) or hollow (cenospheres), micro-particles and crystals. The spherical particles are formed from the fusion of the carbon components of the mineral coal upon an inert surface. Drops of this melted material can combine, forming larger spheres. Hollow spheres, or cenospheres, which are formed after plerosphere formation, are produced when gases are generated inside the melted sphere resulting in its expansion. This mechanism can also form cenospheres with other spheres inside them (Gupta et al., 2001 ). Excessive cenosphere expansion can cause particle explosion, resulting in microparticle formation. These small particles can combine or agglomerate, forming larger irregular and sub-angular particles.
The bottom ash studied herein can be classiˆed in geotechnical terms as a non-plastic silty-sand (SM) according to the Uniˆed Soil Classiˆcation System (ASTM D2487, 1993). The speciˆc gravity of the particles is 2.30 and the grain-size data are shown in Fig. 1 , indicating that it is predominantlyˆne sand and silt. The value of the speciˆc gravity of the particles observed for bottom ash is very low due to the internal porosity of the grains, resulting from the high coal burning temperature, as well as the presence of carbon, which has a low speciˆc gravity. The eŠective diameter (D10) of the particles is 0.011 mm and the average diameter (D50) is 0.144 mm. The uniformity and curvature coe‹cients are 2.8 and 16.4 respectively. According to Calarge et al. (1998) the A mineralogical characterization based on X-ray diŠraction tests was carried out by Thom áe et al. (2003) who describe the bottom ash as a material in which both crystalline and amorphous phases are observed. The crystalline phase is composed mainly of mullite and quartz, with hematite and magnetite in lower proportions. Mullite originates from reactions of kaolinite and illite-smectite during the burning process. The quartz is a mineral of detritic origin in thermo-electric calcination conditions, since it remains unmelted. Hematite and magnetite, present as secondary minerals, are formed from the oxidation of iron sulfates such as pyrite. Chemical analysis shows that the Charqueadas coal bottom ash is composed predominantly of silica, alumina and iron oxide, as well as smaller portions of calcium oxide, magnesium oxide, and other components, as shown in Table 2 . The chemical analysis of the specimens sampled from the main thermo-electric Power Plants in Brazil were also investigated by Calarge et al. (1998) , revealing the following ranges of percentages for the main oxides found: from 62.5 to 66.7z SiO2, 19.2 to 24.6z Al2O3, 7.1 to 9.0z Fe2O3, 0.6 to 1.7z CaO, 0.3 to 0.4z MgO, 0.1 to 0.2z K2O and 1.2 to 2.4z TiO2. The Charqueadas coal bottom ash falls into the above cited ranges. The same study also shows that the Brazilian coal bottom ashes have a quite similar chemical composition to Brazilian coal ‰y ashes from the same sources.
Microscope analyses were carried out based on resinimpregnated thin sections, using a transmitted light optical microscope. Some samples were also impregnated with color in order to deˆne better the voids. The thin sections were obtained by cutting the impregnated specimens, sticking them to a glass slide and polishing them until they reached the desired thickness for observation. The particle texture and morphology, determined in conventional optical microscopy, show turbid (opaque) angular and sub-angular particles that remain from the unburned coal fraction (Fig. 2 , detail 1). Unburned and partially burned material can be seen in Fig. 2 , as well as the intra-particle porosity caused by particle expansion, suggesting transition between plerospheres ( . Theˆner fraction is derived from partially burned particles breaking due to gas expansions inside them. Samples were made of the bottom ash impregnated with colored resin for diŠerent gradings:ˆne, medium and coarse, which were separated by sieving, in order to understand better the particle morphology, as can be seen in Table 3 . Optical microscope observation shows that bottom ash has a large variation in grain size and shape ( 5), which could be responsible for the high hydraulic conductivity of this material. The orientation of the intra-particle pores (deˆned as PP- Fig. 3(a) ) is related to the primary sedimentary structure of the material. The pores indicated on theˆgure correspond to carbonaceous material that has expanded and vaporized during the coal burning process. Another interesting feature is the occurrence of permeable cenospheres (hollow spheres- Fig. 3 (c) detail 6), suggesting particle fragility due to the intra-particle voids. Microscopic analysis of bottom ash particles by means of scanning electron microscope (SEM) was also carried out, aimed at conˆrming the existence of the pores in the ash particles that were observed in the optical microscope micrographs (e.g. Fig. 3(a) ). The sample preparation was based on the procedures described by Tovey (1986) . As electron microscopes operate under high vacuum, it was necessary to remove the pore ‰uids through drying and before observation the sample was vacuum coated with a thin layer (20 nm) of gold. The micrographs were generated with secondary electron images, and it was therefore important to coat the particles with an element of high atomic number (in the present case-gold) as this improves the signal-to-noise ratio. The SEM images in Fig. 4 show the intra-particle voids and spherical bodies previously observed in the optical microscope micrographs.
Finally, results obtained from leaching tests revealed that the bottom ash from Charqueadas does not exceed the limits of heavy metals of the Brazilian Standard ABNT NBR 10004 (1987), being classiˆed as an inert residue (Thom áe et al., 2003).
Os áorio Sand
The sand used in the present study was sampled from the region of Os áorio, in southern Brazil. The soil is classiˆed as a non-plastic uniformˆne sand (SP) according to the Uniˆed Soil Classiˆcation System (ASTM D2487, 1993). The speciˆc gravity of the particles is 2.63 and the grain size distribution is completely within thê ne sand range, as can be seen in Fig. 1 . The eŠective diameter (D10) of the particles is 0.16 mm, the average diameter (D50) is 0.29 mm, and the uniformity and *Dry unit weight used was associated to the relative density of 70z, (value is smaller than the value correlated to the maximum dry unit weight of Standard Proctor Procedure). 365 COAL BOTTOM ASH AS A GEOMATERIAL curvature coe‹cients are 1.9 and 1.2 respectively. Mineralogical analysis showed that the sand particles are predominantly quartz. The minimum and maximum void ratios are 0.57 and 0.85 respectively. The particles are rounded to sub-rounded in shape, with a few sub-angular grains.
Botucatu Residual Soil (BRS)
The Botucatu Residual Soil is derived from weathered sandstone and was also obtained from the region of Porto Alegre. The soil is classiˆed as a non-plastic silty sand (SM) according to the Uniˆed Soil Classiˆcation System (ASTM D2487, 1993). The speciˆc gravity of the particles is 2.65 and the grain-size data indicate that it is predominantlyˆne sand and silt, as can be seen in Fig. 1 . The eŠective diameter (D10) of the particles is 0.0031 mm and the average diameter (D50) is 0.09 mm. The liquid limit is 22z and the plastic limit is 19z. X-ray diŠrac-tion showed that theˆne portion is predominantly kaolinite.
EXPERIMENTAL PROGRAM
Standard Proctor compaction tests were carried out on samples of Charqueadas coal bottom ash, Os áorio sand and BRS, as shown in Fig. 5 , in the usual (gd-w) and normalized (gd W gdmax-w W wopt) plots. In Fig. 5(a) it is possible to observe that the maximum dry unit weight of the coal bottom ash is much smaller that the value for both Os áorio sand and BRS, certainly due to its intraparticle pores. The optimum moisture content of the coal bottom ash is also much larger than the other two soils studied. However, in Fig. 5(b) it is possible to observe that once normalized, the curves for the three materials have a quite similar form.
Sample Preparation
The compacted soil specimens used in the conventional triaxial tests and the high-pressure isotropic compression tests with bender element measurements of shear wave velocity were prepared by hand-mixing dry soil and water. The under compaction process (Ladd, 1978 ) was used to produce homogeneous specimens that could be used for a parametric study in the laboratory-testing program. The specimens were statically compacted in three layers into a 50 mm diameter by 100 mm high split mould, at a moisture content and dry unit weight taken from Table 4 . For the BRS and Charqueadas coal bottom ash, the values presented were related to the optimum compaction parameters based on standard Proctor compaction tests. In the case of the Os áorio sand, specimens were directly made in a mould on the triaxial pedestal at a relative density of 70z. For the ring shear tests, the specimens were also prepared by hand-mixing dry soil, although each sample was compacted directly into the conˆning rings (with an inner and outer diameter of 101.6 mm and 152.4 mm respectively and an initial height of approximately 25.4 mm) by applying a static load via the annular loading platen. Theˆnal height of the sample was controlled to ensure the correct initial density.
High-pressure Isotropic Compression Tests
The high-pressure isotropic compression tests were conducted using two computer controlled stress path apparatus with cell pressure capacities of 8 MPa and 70 MPa. In both apparatus the cell chamber is oil-ˆlled because water-submersible internal instrumentation would not withstand these pressures, and so the internal axial strains are measured locally on the sample with standard non-submersible Linear Variable DiŠerential Transformers (LVDTs) drilled with pressure relieving Fig. 6 . The 8 MPa high pressure apparatus (after Qadimi, 2005) holes to allow the oil into and out of the transducer body, as described by Cuccovillo and Coop (1997) . Both apparatus are alsoˆtted with an LVDT to measure axial strains outside the cell, although here, for isotropic compression, only the measurements of volume change are used. These were made with an Imperial College type volume gauge, working at standard pressures (0-700 kPa) and attached to the back-pressure line. Figure 6 shows a schematic diagram of the 8 MPa apparatus. For conventional pressures, up to 700 kPa the cell pressure and axial stress are adjusted by means of computer controlled air pressure regulators acting through air-oil interfaces, the axial stress then being applied to the sample via a hydraulic cylinder mounted above the triaxial cell. The back pressure is controlled by means of a similar pressure regulator with its air output attached to the base of the volume gauge, which also acts as the air-water interface. Higher pressures may be achieved through a second control system which uses motorized hydraulic pumps, again controlled by computer, to deliver up to 8 MPa into the cell pressure or stress systems. The axial pressure system has in addition an intermediate pressure control system consisting of a pressure multiplier placed in-line after the air-oil interface, which multiplies the oil pressure delivered by 2.5 times. In each case the cell pressure and axial stress are controlled by means of a feedback loop from the cell pressure and deviatoric force transducers, the computer adjusting the air pressure input or the motorized hydraulic pump as appropriate.
The 70 MPa system is described in detail by Cuccovillo and Coop (1999a), but is essentially similar to the 8 MPa system. In place of the two motorized hydraulic pumps, two pressure multiplier pumps deliver high-pressure oil to the cell chamber and axial loading cylinder at a ratio of 100 times the input air pressure. The cell pressure and axial stress are then again controlled by means of a feedback loop from the cell pressure and deviatoric force transducers, the computer adjusting the air pressure input to the multipliers by means of the computer controlled pressure regulators.
Bender Element Tests
Introduced by Shirley and Hampton (1977) , bender elements are now a standard technique for deriving the elastic shear modulus G0 of a soil. The velocity of a shear wave propagating across the specimen Vs is measured from which G0 may be determined:
where r is the total mass density of the soil, L is the tip to tip length between the elements and t is the travel time of the shear wave through the sample. The bender element tests were carried out in the two high-pressure stress path apparatus, compressing the samples isotropically at a constant rate of stress of around 150 kPa W hour. The test procedures and methods of interpretation followed those of Jovicic et al. (1996) , using a single shot sine wave with measurement of the wave velocity at theˆrst arrival, taking care to use su‹ciently high frequencies to avoid nearˆeld eŠects. For each reading a range of frequencies was tried, ensuring that the measured arrival time was not frequency dependent. A 10V amplitude was used as the input to the transmitting element, for which Rio (2006) has shown that for soils of this range of stiŠness, the maximum strain imposed should be less that 0.001z and so within the elastic range of behavior of the soils investigated.
Conventional Triaxial Tests
The triaxial tests were carried out with the samples fully saturated using eŠective conˆning pressures ranging from 20 kN W m 2 to 200 kN W m 2 , consistent with the stresses applied in most engineering applications. Saturation was monitored in each test, ensuring B values of at least 0.97 for all specimens. The axial and radial strains were monitored inside the triaxial cell by Hall eŠect transducers (Clayton and Khatrush, 1986; Clayton et al., 1989). The volumetric strain was measured by an Imperial College volume gauge (Maswoswe, 1985) connected to the drainage outlet. Full drainage during shearing was ensured by using a su‹ciently low axial strain rate (0.017z W min), and veriˆed by measuring the excess pore pressure at the opposite end of the specimen to the drainage. Membrane and area corrections were applied following the recommendations made by La Rochelle et al. (1988) . 
Ring Shear Tests
The apparatus used and general procedures for the sample preparation and testing are described by Bishop et al. (1971) . In this apparatus, the lower half of the sample is carried on a rotating table driven by a worm gear, while the upper half of the sample reacts via a torque arm against a pair ofˆxed load cells that measure the tangential force ( see Fig. 7 ). The shearing therefore takes place at the mid-height of the sample. The gap between the upper and lower conˆning rings and the side friction can be measured by means of a guided linking yoke and a proving ring connected by a screw to the rigid crosshead. After molding the sample between the pairs of lower and upper conˆning rings, it was then loaded by a dead-load lever system in order to apply the desired normal stress and the sample was immersed by ‰ooding the water bath. Soon after the deformations caused by the consolidation had ceased, the locking screws were removed, the gap between the upper and lower pairs of conˆning rings was opened to between 0.3 mm and 0.35 mm, and the sample was sheared at a constant rate of displacement of 0.17 mm W min until horizontal displacements up to 250 mm were reached.
RESULTS AND ANALYSIS
The behaviors of the three diŠerent granular materials, examined through the use of high pressure isotropic compression, bender element, drained triaxial, and ring shear tests were investigated in order to evaluate whether coal bottom ash has similar mechanical properties to those of granular soils with similar gradations (e.g. BRS) or standard homogeneous sands with a similar average grain size (e.g. Os áorio sand), or if particle morphology, particularly the intra-particle voids of the coal ash, in‰uences its behavior.
The isotropic compression data for the Charqueadas bottom ash, Os áorio sand and Botucatu residual soil (BRS) specimens are given in Fig. 8 . The key feature to observe is that the Normal Compression Line (NCL) has been reached for all specimens when plotted in speciˆc volume ([ ): ln p? space. As suggested by Coop and Lee (1993) for quartzitic sands, pressures higher than 10 MPa are often necessary to reach the NCL and in the case of Os áorio sand, about 15 MPa was necessary. In contrast, the Charqueadas bottom ash reaches its NCL at isotropic pressures of about 2 MPa. The much lower yield stress compared to the Os áorio sand is likely to result from the higher initial speciˆc volumes and more easily crushable nature of the bottom ash, resulting both from the internal porosity of the particles and their more angular shape. In this respect the behavior of the bottom ash is similar to that of biogenic carbonate sands (e.g. Coop and Lee, 1993 ) that also have weak particles and high initial speciˆc volumes due to their angularity and their intraparticle voids. However, it was the Botucatu residual soil that required the lowest stress to reach its NCL (about 500 kPa). This is a well-graded soil, and so this shows that besides the grain morphology, the grain size distribution is also important in the deˆnition of the pressure required to reach the NCL. However here the grain size distributions of the BRS and bottom ash are actually similar-in fact BRS has a higher amount ofˆnes-and the diŠerence in behavior must therefore result from the intra-particle voids of the ash and diŠerences in particle shape. Coop and Lee (1993) have shown that the diversity of geological origins and consequent variety of particle sizes, shapes and strengths, gave a wide range of NCL locations for sands. The location of the NCL may be expressed by:
and the values of the compressibility parameters (N, l) of the three materials studied in the present work, together with data from other granular soils, are shown in Table 5 . The steep line of the Charqueadas bottom ash is probably related to its high initial speciˆc volume and crushability, which are probably both related to the particle angularity and intra-particle porosity rather than its grading. The Botucatu residual soil has a ‰at NCL with a lower location in the [ : ln p? plane, possibly due to the grain size distribution of the material and the presence ofˆnes. Coop and Atkinson (1993) showed that for sands a ‰at-tening of the grading curve resulted in a ‰attening of the NCL in the [ : ln p? plane and Coop and Lee (1993) found that the well-graded nature of a residual soil tended to give it higher initial densities, and again a ‰atter NCL. The other residual soils presented in Table 5 show similar features of low N and l values amongst the materials studied here. The poorly-graded Os áorio sand has intermediate values of N and l, quite similar to the other quartzitic sands in Table 5 . The elastic shear modulus (G0) at very small strains was obtained with bender elements. The shear modulus, G, is typically believed to be proportional to the eŠective stress level raised to an exponent n, which varies with the strain level (e.g. Viggiani and Atkinson 1995) . The value of the exponent n is usually in the range 0.5 to 1. For clays the general relationship between G and the current state is of the form:
This relationship is often linear in the normalized plane log G W pr: log p?W pr where pr is a reference pressure; A, m and n depend on the nature of the soil and R0 is the overconsolidation ratio (Viggiani and Atkinson, 1995) . For sands and residual soils Jovicic and Coop (1997) showed that that a similar expression could be used. However, since a sand might exist at a state below its NCL simply because it had not been loaded to su‹cient stress to reach the NCL rather than through overconsolidation, the equation is modiˆed as:
where pe ? is an equivalent pressure at the current speciˆc volume on the NCL and c is an exponent that depends on the compression history of the sand.
Since the bender elements measure the elastic stiŠness at very small strains, G0, for states on the NCL Eq. (4) may be re-written as:
The values of G0 from the high pressure tests where the state of the sand is on or close to the NCL are presented in Fig. 9 (values of G0 W pr are plotted against p?W pr, both with a logarithmic scale, where p r has been taken as 1 kPa) for the Charqueadas bottom ash, Os áorio sand and Botucatu residual soil (BRS). It can be observed that the Charqueadas bottom ash has the lowest values of G0, followed by BRS andˆnally the Os áorio sand, which has the largest values of elastic shear modulus for a given p?.
The data points in Fig. 9 fall close to a straight line given by Eq. (5). The coe‹cients A0 and n0 obtained bŷ tting a straight line through the available data are equal to 1206 and 0.653 for the Charqueadas bottom ash and 5186 and 0.596 for the BRS ( see Table 6 ), which are within the range of variation observed for conventional granular materials. In contrast, the values of coe‹cients A0 and n0 are 39470 and 0.432 for the Os áorio sand. Although the gradient n0 is quite low compared to most sands, the high value of A 0 gives the Os áorio sand higher G0 values than the other soils over the stress range investigated.
The curves of deviatoric stress [q＝(s1 ?-s3 ?)] and volumetric strain plotted against shear strain (es＝ea-ev W 3, where e a is the axial strain and e v the volumetric strain) obtained from the CID tests are shown in Fig. 10 . The initial voids ratios at the start of shearing that are indicated on theˆgure are much higher for the Bottom ash than the other two soils, despite being compacted to the maximum density from the standard Proctor test. This again re‰ects the particle morphology of angularity with intra-particle voids. However, even at such high voids ratios, the Bottom ash is still dilative, with peaks in the stress:strain curve when sheared at typical engineering stress levels. Comparing the data for the three materials, it can be observed that the bottom ash has the highest values of peak strength for a given conˆning stress, followed by the Os áorio sand andˆnally by BRS. The higher peak strengths correspond to greater dilation rates. The peak shear strength parameters of the materials studied are presented in Table 7 . As expected for coarsegrained soils, the values of cohesion intercept in the Bottom Ash and the BRS are small and is zero for the Os áorio sand. The Bottom Ash has the highest value of friction angle (44.79 ), followed by the Os áorio sand (35.89 ) and the BRS (30.59 ). Figure 11 shows typical data from the ring shear tests conducted on each soil with a normal stress in the range 60-90 kPa. These tests were conducted in order to evaluate the shear strength at very large strains, higher than those possible in triaxial tests. Figure 12 presents the ultimate strength envelopes for these ring shear tests and the strength parameters are given in Table 7 . For coarsegrained soils the strength measured in ring shear tests should correspond to the critical state or ultimate state and the data should conˆrm that there is no reduction in strength at very large displacements. The cohesion intercept is zero for the Os áorio sand, as expected for the ultimate condition and has been assumed also to be zero for the other two soils. The highest value of friction angle was found for the bottom ash (35.09 ), followed by the Os áorio sand (26.69 ) and the BRS (20.89 ). These friction angles have been calculated making the assumption that q? can be taken as tan -1 (t W sv ?). Therefore in terms of both peak and ultimate strengths, coal bottom ash appears to have better mechanical properties than those of residual granular soils with a similar grading or standard uniform sand with a similar average grain size, which is a valuable characteristic for its use in construction. The friction angles are also likely to be related to the grading and particle morphology of the soils. The wellgraded soil, with a signiˆcantˆnes content has the lowest q?, while the sub-rounded uniform sand gives intermediate values. It is probably the more angular nature of the bottom ash particles, evident in both the thin sections and SEM micrographs that provides it the highest q? values, despite it being well-graded.
CONCLUSIONS
An extensive laboratory-testing program was used to investigate the behavior of bottom ash compared to conventional granular materials at high isotropic pressures, very large shear displacements, as well as at very small shear strains. To do so, high-pressure isotropic compression, ring shear and bender elements tests were carried out, as well as standard triaxial tests. The observations and conclusions can be summarized as follows: 1. As suggested by Coop and Lee (1993) , for quartzitic sands very high pressures are required to reach the NCL and for the Os áorio sand, about 15 MPa was necessary. For the Charqueadas bottom ash, the NCL was reached at lower isotropic pressures of about 2 MPa. This could result from the high internal porosity and greater angularity of the grains and therefore the higher initial speciˆc volumes and more easily crushable particles. However, the lowest pressure needed to reach its respective NCL occurred for the Botucatu residual soil (about 500 kPa), which is a silty sandy soil containing some clay, showing that as well as grain morphology, the grain size distribution is also important in the deˆnition of the pressure required to reach the NCL, since the gradings of the BRS and the Bottom Ash are similar. 2. At very small shear strains, the bender element test data conˆrmed observations from the stress:strain curves of the triaxial tests that the Charqueadas bottom ash has the lowest values of stiŠness, followed by BRS andˆnally Os áorio sand. The coe‹cients A0 (the intercept at p?＝1 kPa) and n0 (the exponent determining the rate of variation of G0 with p?, obtained byˆtting a straight line through the log (G0 W pr)-log ( p?W pr) data), are equal to 1206 and 0.653 for the Charqueadas Bottom Ash and 5186 and 0.596 for BRS, which are within the range of variation observed in conventional granular materials. The lower stiŠness of the bottom ash may be related to its higher voids ratio, which may be re‰ected in a smaller number of particle contacts, or it may be a function of the nature of the particles. 3. From the stress-strain data of the standard triaxial tests it can be concluded that for samples compacted to the maximum density achieved in the standard Proctor test and then sheared at typical engineering stress levels, the Charqueadas Bottom Ash shows a marked softening behavior after peak. The Os áorio sand (at 70z relative density) and BRS specimens show less strain softening, corresponding to smaller rates of dilation. The peak shear strength parameters of the three materials gave small or zero values of cohesion intercept with the highest value of friction angle for the Bottom Ash (44.79 ), followed by the Os áorio sand (35.89 ) and BRS (30.59 ). The highest ultimate friction angle, determined by ring shear tests, was found for the Bottom Ash (35.09 ), followed by the Os áorio sand (26.69 ) and BRS (20.89 ). In terms of peak and ultimate strength, the coal bottom ash therefore has a higher strength than both a soil with a similar grading and standard uniform sand with similar average grain size. In summary, the Bottom Ash has a higher strength although it has a lower stiŠness than other typical sands. Since it would not reach particle yield on its Normal Compression Line at typical engineering stress levels, its compressibility should not pose problems. It therefore appears to be a suitable material for widespread use in many Civil Engineering applications.
